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Abstract 

A rapid and automated inspection system is a necessity for 
the detection of defects in x-ray and optical lithography masks. 
The design of an electron-beam mask inspection system requires 
a complete understanding of the backscattered electron signal 
from the various defects which will be encountered. A Monte 
Carlo simulation program has been used to study the effects 
of electron-beam size, detector placement , defect type , electron
beam voltage, and absorber thickne ss on the back-scattered elec
tron signal . 

Keywords: Backscattered electron signals , Monte Carlo , X-Ray 
mask inspection, electron-beam lithography , scattering, simula
tion, beam size, defects, material thickness requirements , detec
tor placement. 
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Introduction 

A rapid and automated inspection system is a necessity for 
the detection of defects in x-ray and optical lithography masks. 
As masks becom e more complex and critical feature sizes shrink 
below one micron , the limits of optical inspection systems be
come apparent . Presently , it is impossible to reliably detect sub
micron defect s in submicron mask pattern s with commercial 
inspection systems. However , the use of an electron-beam litho
graphy system , with its high resolution and overlay capabilities 
will make it possible to inspec t submicron mask patterns for 
defects. Mask inspection is a natural extension of an electron
beam system since the data used to write the mask can be used 
to inspect it as well. Electron -beam technique s have been sug
ges ted and /or applied to mas k inspection by several 
groups.7 ,8,18,27,28.31 In this paper we will attempt to characteriz e 
the different influence s on the backscattered electron signals 
from structures encountered durin g mask inspection.24 

Conceptually , the idea of using an electron -bea m system to 
perform the mask inspection function is simple. Mask defects 
can be detected by a compari son of a signal from the mask with 
the design data used by the electron-beam system to write the 
mask28 (and R.A. Simpson , private communication). Thus , the 
presence or absence of masking material must be detected in 
some way. Low energy ( < 50eV) secondary electrons, generated 
near the surface by the inelasti c scattering of primar y and back
scattered electrons with loosel y bound outer electrons , are often 
used to form images in sca nning electron microscopes 
(SEMs).5 ,23,32 Secondary electrons yield topographical infor
mation since they are generated near the surface of the struc
ture. High energy backscattered electrons have also been used 
in SEMs 21,22 ,33 and are wid ely accepted for use in electron
beam lithography systems for detection of registration 
marks. 2,16,30 Backscattered electrons are produced by the elastic 
scattering of the incident electrons with the nuclei of the target 
material or with the electron clouds surrounding the nuclei. The 
energy of backscattered electrons can range almost up to the 
incident beam energy and also yield information about the 
material make -up of the target structure. 

Backscattered electrons are desirable for registration in 
electron-beam systems since they allow for the detection of regis
tration marks through resist or other process related planariz
ing coatings.2,16,30 Backscattered electrons are also favored in 
lithography systems for a very practical reason - backscattered 
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electron detector s are simple to install inside the electron-beam 
chamber and do not require large bias voltages . These voltages 
create electric fields which can negatively influence the electron
beam as it is writing a pattern . As far as x-ray mask inspection 
is concerned , backscattered electrons are also favored because 
of the larger signal difference between high and low atomic 
number materials as compared to secondary electrons. 6 For 
these reasons we will investigate backscattered electron signals 
in this paper. 

An in-depth understanding of the backscattered electron signal 
is therefore necessary in order to achieve the best possible signal 
for comparison to design data . A new Monte Carlo simulation 
program 7,15-19-20 was written to study the effects of electron
beam size, backscattered electron collection range ( or detector 
placement) , defect type, electron-beam voltage, and absorber 
thickness on the signal from different structures. Good agree
ment with experimental backscattered electron signals gave con
fidence in using the Monte Carlo program for these investiga
tions. 24.26 

After a brief review of the Monte Carlo program used in these 
studies, we will show the effects of different detector placement 
on the backscattered electron image. The effects of incident 
ele ctron-beam size and different take-off ang le ranges on the 
signal will then be discussed in a quantitative manner. The re
quired gold thickness for the maximum signal will be deter
mined for various beam energies. Required chrome thicknes s 
will also be determined and we will see that the required thick
ness can be related, in a universal fashion , to the Gruen and 
Bethe ranges of the electrons in the scattering material. It will 
be observed that the backscattered electron signal will drop off 
if the beam is scanned near the edge of the gold. A universal 
curve using the Gruen range will be presented to determine at 
what point inside a gold structure , the electron-beam will see 
essentially bulk gold. Effects of collection angle range will also 
be considered . 

The Monte Carlo Simulation Program 

The Monte Carlo method , in which the trajectories of many 
incident electrons are followed through a target , 1.4,9-11.13-17.19,20.29 
was chosen for the simulation technique . The main reasons for 
this choice were that the Monte Carlo method is fairly well docu 
mented and that it could be modified to investigate the back
scattered electron signal from the complicated structures en
countered during x-ray mask inspection. 

This Monte Carlo computer program has been developed to 
simulate the backscattered electron signal from a variety oftwo
dimensional gold on silicon structures expected to be encoun
tered during x-ray mask inspection. The program uses the stan
dard continuous slowing down approximation with the screened 
Rutherford collision cross -sect ion and Bethe energy loss equa
tion.14,16 The program, written in Fortran 77, uses some of the 
techniques introduced by Lin 16-17 to keep track of the electron 
as it scatters into different areas of the target structure . Whereas 
Lin's program calculated the backscattered electron signal from 
an infinitely long resist covered silicon step, this new program 
is used to simulate the backscattered electron signal from three 
independent , infinitely long , variab le width , variab le edge slope, 
gold lines on a silicon substrate . Through appropriate place
ment of the three gold on silicon lines , the backscattered elec
tron signal from different types of defects typically found on 
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x-ray masks or mask copies can be simulated. Although gold 
on silicon was primarily simulated , other combinations such 
as PMMA on gold or chrome on silicon can be specified. A 
more detailed description of the operation of the program as 
well as input and output examples can be found in reference 24. 

As is well-known, the Monte Carlo technique involves tracking 
many electrons incident from a zero width a-function electron
beam as they scatter through the target. An example which illus
trates the program 's capabilities is shown in Figure l, a plot of 
15 electron trajectories projected onto the x-z plane. The target 
is composed of two 0.25 µm full width at half-maximum (fwhm) 
gold steps and a 0.85 µm fwhm gold step separated by 0.3 µm. 
The four backscattered electrons in this example can clearly be 
seen. The energy , take-off angle , azimuthal angle, and position 
of each backscattered electron is stored and the resulting total 
energy and number distribution of backscattered electrons are 
output for the take-off angle , azimuthal angle, and backscatter 
energy. 24 

A backscattered electron signal for a given structure is cal
culated by first simulating the a-function signal. This is done 
by stepping the position of the incident beam in small (0.0125-
0.05 µm) steps over the structure. This process is illustrated in 
Figure 2. Figure 2 shows the a-function electron-beam stepped 
over the target and also the convolution of the a-function beam 
with the Gaussian beam shape. This simulates the actual finite 
sized electron-beam scanning over a target. Note how symmetry 
of the structure necessitates only one half of the signal being 
calculated. The distance between a-function beams is typically 
much less than the incident beam size . The advantage of thi s 
approach is that the o-function response can be convolved with 
a variety of beam sizes and shapes . For the simulations to be 
described here , a Gaussian beam shape was assumed. To save 
computer time , symmetry was used whenever possible. For the 
s imulations in this paper, 5,000 - 10,000 electrons per incident 
a-function electron -beam were used. The calculation s were most
ly performed on an IBM 3081 computer . The required CPU 
time is approximately I minute per l000 trajectories for a 25 
kV incident beam voltage. 

It has been shown that the simulated energy signal , rather 
than the number signal , properly takes the backscattered elec
tron energies into account and gives better agreement with ex
perimental signals. 24 This is because the detector used in the 
experiments and the type most often used in electron -beam litho
graphy systems are diodes whose initial amplification is propor
tional to the electron's energy. Thus , the energy signal, calculated 
by adding up the electron energy which is scattered into the 
specified collection range of the detector, will be used in this 
paper. 

While being useful for comparisons of simulation and experi
ment, contrast is not a good measure of the quality of the back
scattered electron signal. This is because contrast does not con
tain any information about the signal to noise ratio , SNR, of 
the signal. It is well known that for high speed inspection of 
masks with an electron-beam, a high SNR ratio is des irab le to 
guard against false defect detection and the missing of de
fects28,31 (and R.A. Simpson , private communication) . Assum
ing a shot noise limited signal, the most noise will be found 
in the maximum part of the signal and this noise is proportional 
to the square root of the maximum signal. 16 A parameter , 
LiSNR which gives information about the SNR quality of the 
signal for alignment has been introduced by Lin. 16 For defect 
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detection , it is more appropriate to normalize to the energy 
.:lSNR between 0.5 /lm thick gold on silicon and bulk silicon. 
The .:lSNR can be written: 

.:lSNR = --- --
Smax - Au - smax - Si 

✓ Smax - Au 

(I) 

Note that this parameter is in terms of the energy signal levels 
and that the normali zing signals from the gold and silicon are 
total signals covering the entire 90 degree s take-off angle range . 

Optimization of Experimental Detector Placement 

The optimum placement of the annu lar diode detector used 
in the experiment s of references 24 and 26 will now be consi
dered. The Monte Carlo program was used to determine the 
optimum placement of this detector to achieve the best signal 
from a wide range of structur es . Th e backscattered electron 
signals from most defects will range from the signal from a small 
gold step to the signal from a sma ll hole in a gold film. Thus , 
it is instru ctive to exam ine the take-off angle distribution from 
these two type s of defects in order to optimize the placement 
of the detector. 

The simulat ed ene rgy signals for a 0.25 /lm gold step and 
0.25 µm hole in a gold film at 25 kV and 0.5 µm gold thickness 
are shown in Figure 3. A minimum detectable defect size of0.25 
/lm and beam fwhm of0.20 µm was assumed when optimi zing 
the place ment of the detector . Vertical sidewalls were used in 
all simulations. Three different take-off angle ranges correspond
ing to different detector height s above the wafer surface are 
shown to illustrate the change in signal as the collection range 
changes. It can be seen from Figure 3 that the 15-35 degree s 

range gives the maximum .:lSNR of the three ranges for the gold 
step . This is expected due to the many electrons which scatter 
out of the sides of this structure at low ang les. However , since 
the angle distribution from a small hole in a gold film is almost 
a cosine distribution, it is clear why the 15- 35 degrees signal 
for the 0.25 /lm hole has such a poor .:lSNR. 

A trade-off is needed so that the signals from the small step 
and sma ll hole will be maximized. The 30-57.5 degrees take
off ang le range, correspo ndin g to a detector height of 6.1 mm 
above the wafer , is a good compromise as can be seen from 
Figure 3. A more detailed ana lysis of .:lSNR's for 25-50, 30-57.5, 
and 35- 62.5 degrees ranges for these structures as well as other 
various struct ures24,26 showed that the 30-57.5 degrees range 
gives better signa l than the other ranges. This qualitative infor
mation shows that different defects will sca tter electrons into 
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Fig. 1. An example of the Monte Carlo program's capabili
ties, showing Monte Carlo simulation of electron trajectories. 
Au thickness = 0.50 /lm, beam energy 25 kV, 15 incident 
electron at X = 2.20 /lm. 
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Fig. 2. The process of simulating a backscattered electron 
signal. First calculate the o-function response. Then convolve 
with the desired beam shape. Typically, the beam size will 
be much larger than the spacing between o-function electron
beams. 
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Fig. 6a . 
. 25 0 r---,----,- - -,--,---,----,- - -,-- ,--,- -, 

. 225 

.200 

. 175 

• - 10-40 degre es 

■ - 30-60 degree s 

• _ 50-80 degree s 

O . 150 

~ 
~ 
a: 

i:: 
. 125 

.100 

.075 

.050 

.025 
step 

.0 c__ ___. _ _,__ _ ...,_ _,___..., _ _,__ _ _,___ ,_ ___. _ _, 

0 .0 0 . 1 0.2 0 .3 0 .4 0.5 0 .6 0 . 7 0 .8 0 .9 1.0 

beam fwhm (i,m) 

Fig. 6. A plot of threshold versus beam fwhm for the 0.25 
µm (a) step and (b) hole at 25 kV beam voltage. 

different angle ranges . Thus , unless multiple detector s are used 
in an inspection system , a tradeoff will be needed to get the 
best pos sible signal from all type s of defects . 
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Fig. 5. A plot of signal fwhm versus beam fwhm for the 0.25 
µm (a) step and (b) hole at 25 kV beam voltage . 
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A Study of the Effects of Beam Size and Angle 
Collection Range 

As was shown in the previous section , we can gain much in
formation about the scattering properties of various defects by 
examining the limiting cases of an isolated gold on silicon step 
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and an isolated hole in gold on silicon. We are interested pri
marily in submicron structures since it is the minimum detectable 
defect size which will influence the design of the mask inspec 
tion system. 24,28,29 From a practical viewpoint , an electron
beam system with a 0.25 µm fwhm beam will have much more 
difficulty detecting a 0.125 µm defect than in detecting a 1.0 or 
2.0 µm defect. In this section , the effects of Gaussian beam size 
(fwhm) and angle collection range on the backscattered elec
tron signal from a 0.25 µm fwhm gold on silicon step with ver
tical sidewalls and a 0.25 µm hole in gold on silicon with ver
tical sidewalls will be discussed. The gold thickness is 0.50 µm 
and the beam energy is 25 kV. Similar studies for other sized 
structures can be found in reference 24. The effects of beam 
voltage on the required absorber thickness will be discussed later. 
The angle ranges of 10-40, 30- 60, and 50-80 degrees will be 
studied . The 0-10 and 80-90 degrees angle ranges were neg
lected since electrons scattered into these ranges would be ex
tremely difficult to detect inside an electron-beam chamber . All 
backscattered electron signals were calculated as the energy sig
nal which was shown to give good agreement with experiment. 

The effects of beam size and angle collection range will be 
studied by looking at the backscattered electron signal 6SNR , 
fwhm , and threshold. The threshold is defined as the midpoint 
between the changing signal of interest for a given structure and 
the bulk signal level of the material surrounding the structure. 
For example, the threshold for a hole in a gold film would be 
the midpoint between the level for the bulk gold surrounding 
the defect and the minimum signal level caused by the hole . 
Conversely , the threshold for a step or line is the midpoint be
tween the signal for bulk silicon and the high signal generated 
by the gold step. 

6SNR 

The effects of beam size and angle collection range on the 
noise quality of the backscattered electron signal from 0.25 µm 
step and hole structures are shown in Figures 4a and 4b , 6SNR 
versus beam size for the different structure s simulated . The first 
observation which can be made is that for submicron step struc
tures , the lower angle range gives the best signal. This is be
cause many electrons exit from the sides of the step at low take
off angles . However, the 30- 60 degrees range appears to be best 
for the holes. This is what was shown in the previous section 
and implies that if a single detector is used for mask inspec 
tion , some type oftradeoff in placement will be required. Note 
that the 10-40 and 50- 80 degrees ranges are almost identical 
for the hole structures. This agrees with the observation made 
earlier that holes look like bulk gold except in the immediate 
vicinity of the defect. Thus, the optimum detector placement 
for clear defects will be the same as for bulk gold. The funda
mental shot noise limitations of the backscattered electron signals 
are discussed in references 24 and 25. 

As far as the effects of beam size are concerned, a degrada
tion in 6SNR starts when the beam size becomes at least four
tenths of the structure fwhm. For the steps, a 25 percent loss 
of 6SNR occurs when the (beam fwhm) /(structure fwhm) ratio 
is about 1.2. Similar results are seen for the holes with a 25 
percent reduction in 6SNR being observed at a ratio of about I. I. 
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Backscattered Electron Signal Fwhm 

The effects of beam size and angle collection range on the 
fwhm of the backscattered electron signals from the 0.25 µm 
structures are shown in Figures Sa and Sb. As would be expected , 
the lower angle range tends to give a signal fwhm which is closer 
to the actual fwhm of the structure. This becomes more apparent 
as the structure size increases. 24 For the smaller structures, 0.25 
µm and below, the angle collection range does not appear to 
have a significant influence on the signal fwhm. For the larger 
structures, in which the two sides of the structure are isolated 
(as far as the electrons are concerned), the higher angle range 
gives a smaller signal fwhm than the lower ranges. This is be
cause the electrons scattering near the edge are concentrated 
in the lower angle ranges ; therefore , the signal rises more slowly 
if only higher angles are collected. Generally, and especially 
for the middle angle ranges , the signal fwhm from steps are 
slightly smaller than the step fwhm and signals from holes are 
slightly larger than the hole fwhm. This , of course , pertains 
to beam sizes which do not significantly affect the signal fwhm. 
The discrepancy of signal fwhm and structure fwhm has impli
cations when using an electron-beam system or SEM for line
width measurement. 12.1s 

Generally, the signal fwhm is fairly constant for small beam 
sizes and then begins to increase steadily when the incident beam 
size becomes larger than about 0.4-0.5 of the structure fwhm. 
In other words, there are two distinct regions of the signal fwhm 
versus beam fwhm curves. The first is the level area of the curve 
in which material and scattering properties dominate and the 
other is the rising area of the curve in which the beam size 
dominates. For steps , a signal fwhm 50 percent larger than the 
structure fwhm occurs for a (beam fwhm)/(structure fwhm) ratio 
of about 1.3- 1.4. For holes , a 50 percent increase is seen for 
a ratio of about 1.1- 1.2. This has implications in mask inspec
tion if the desired minimum detectabl e defect size is smaller 
than the probing electron -beam. Depending on the threshold 
setting of the comparator used to digitize the signal , the detected 
size of the defect could be considerably larger than the actual 
size . 

Threshold (DC Level) 

The threshold , or midpoint between high and low signal levels, 
will change with increasing beam size . For small steps , the high 
signal level will drop towards the silicon level as the beam size 
becomes larger than the structure . In other words , the presence 
of the structure has less of an effect on the scanning beam. A 
similar process occurs for holes in a gold film with the mini
mum signal level rising towards the gold signal level as the beam 
size increases. Graphs of threshold versus beam fwhm are shown 
in Figures 6a and 6b for 0.25 µm structures . The units for the 
threshold are in terms of the partial energy signal. 

As would be expected for holes, the 10- 40 and 50-80 degrees 
angle collection ranges have essentially the same thresholds. The 
30- 60 degrees range gives higher thresholds since the high signal 
level is larger. For the 0.25 µm and smaller step structures, the 
lower angle ranges give higher thresholds. As the structure size 
increases, the 30-60 degrees range gives a higher threshold since 
the maximum signal level is generated from an area which , to 
the electrons , almost resembles bulk gold. 24 

It can be seen by examining Figure 6 that for a given beam size, 
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there is a difference in threshold or DC level between steps and 
holes . The threshold of a signal is a complex function of the 
beam size, beam voltage, structure size, and detector configura
tion. The DC level difference is important since in most cases 
a comparator threshold wil have to be set so that the mask in
spection system can electronically determine the presence or 
absence of masking material. As has been discussed in refs. 24, 
25, 28 and by R.A. Simpson (private communication), the place
ment of the comparator threshold, in relation to the high and 
low signal levels, will greatly influence the SNR characteristics 
of the backscattered electron signal. The importance of correct 
threshold settings can be seen in Figure 7 which shows the back
scattered electron signals for a 0.50 µm fwhm beam scanning 
over 0.25 µm defects. 

Absorber Thickness Studies 

The previous section was concerned with the effects of beam 
size and angle collection range on structures with a fixed 0.50 
µm gold thickness and with a fixed incident 25 kV electron
beam energy. To repeat the work of the previous section for every 
combination of defect type , gold thickness , and beam energy 
would clearly be impossible. Therefore , we will look at infinite 
films on silicon to gain an understanding of the film thickness 
requirements for maximum signal levels in mask inspection. 
Gold on silicon as well as chrome on silicon films will be con
sidered . The simulations were done by calculating the energy 
backscatter coefficients for a single a-function electron-beam 
incident on different thicknesses of gold and chrome on silicon . 

One of the goals of this study was to see if some simple rules 
of thumb could be developed for absorber thickness require
ments. In his study on alignment signals, Lin, 16 introduced a 
quantity , Z , which was the step depth of the silicon alignment 
mark normalized to the Bethe range of the electrons in silicon. 
By normalizing to the Bethe range, Lin obtained universal curves 
describing the alignment signal characteristics for beam ener
gies ranging from 5-30 kV. 16 

A similar technique was used in this study by plotting the back
scatter coefficient versus film thickness normalized to the Gruen 
range .3 

E'-75 
0 

RG = 0.04- 
P 

(2) 

where E0 is the incident beam energy in kV, p is the density 
in g/cm3, and RG is in µm. Note that many authors use 0.046 
instead of 0.04 in their expression for the Gruen range. The ex
pression containing 0.046 was Gruen's original expression for 
electron energy dissipation in air. 3 In any case , it is only a con
stant and will not have an effect on the results obtained in this 
study. Values for RG and R8 , the Bethe range , for gold, 
chrome, and silicon at different beam energies are listed in 
Figure 8. It is important to remember that R8 is calculated 
using the Monte Carlo program while the Gruen range expres
sion origina lly was derived from expe rimental observations. 

Figure 9a is a plot of the total energy backscatter coefficient 
17E, versus gold thickness normaliz ed to the Gruen range of 
electrons in gold , normalized to the Gruen range. Figure 9b 
is simi lar except that the gold thickness is normalized to the 
Bethe range . Figures I0a and )Ob are similar except that the 
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total number backscatter coefficient , 178 is used. A range of 
beam voltages from 10 to 30 kV is shown and it can be seen 
that a universal relationship is obtained by normalizing the gold 
thickness to Rs or RG. It can be seen from these curves that 
178 reaches 90 percent of its maximum at a gold thickness of 
approximately 0.15 R8 or 0.37 RG. The more important, from 
a simulation and practical viewpoint, 17E reaches 90 percent of 
its peak about 0.13 R8 or 0.33 RG. The thickness requirements 
for 17E are slightly lower than those for 178 since 178 weights all 
electrons the same, even though those backscatter electrons scat
tered from deep in the gold will have a very low energy. These 
electrons will not contribute a significant amount to the signal 
since most backscattered electron detectors are energy sensitive. 
Universal curves from partial ang le ranges (10-40 and 30-60 
degrees) were found to give similar results as those shown in 
Figures 9 and 10. This is expected since there is no surface topo
graphy to influence the electron scattering. Experimental results 
at 25 kV also agreed well with Figure 9a (R.A. Simpson , private 
communication). 

As was previously mentioned , Rs must be calculated using 
the Monte Cario program or else by interpolation on a universal 
curve. 3 The Gruen range can be calculated by anyone possess
ing a periodic table . It is because of this ease of calculation that 
RG will be used when normalization is required for all of the 
following discussion. The universal quality of the curves of 
Figures 9 and 10 is very interesting since the values for 178 and 
17E were calculated using the Monte Car lo program whi le the 
normalization factor was calculated using an unrelated empiri 
cally derived equation . 

Universal curves for chrome films on silicon are shown in 
Figure II. Note that the difference between maximum and mini
mum signal levels is much less for chrome as compared to gold , 
which has a higher atomic number. There is more scatter in 
the curves; but, the results are essentially the same as for gold . 
The increased scatter may be due to different material having 
slightly different exponents in the RG expression at different 
beam voltages .3 However, a good rule of thumb is that to ob
tain more than 90 percent of the available signal , a film thick
ness greater than 0.33 RG is required. For a 25 kV electron
beam , a gold thickne ss of about 0.2 µm would be required . 

Effects of Scanning Near the Edges of a Structure 

We have seen the increased scattering into lower take-off angles 
for submicron step structure s and have observed the effects of 
different angle collection ranges. A practical problem , as far 
as inspection is concerned , caused by these scattering effects 
is that the backscattered electron signal does not instantly rise 
to a maximum signal as soon as the beam begins scanning over 
a step or into a hole . This is a function of electron scattering 
and the incident beam size and is true even for very small fwhm 
electron-beams or the a-function beam. The electron-beam must 
be somewhat inside the structure before the signal reaches a 
maximum (or minimum). How far inside the structure will de
pend on the angle collection range , the beam size, and the beam 
voltage. This effect is most important if one is adopting a mask 
inspection scheme 27,28 in which the inside or positive areas of 
a mask are scanned for clear defects and the outside or negative 
areas are scanned for opaque defects. A dead zone or non 
inspection area is left around all shapes to allow for registra
tion error. The problem is that if the dead zone region is small , 
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Fig. 7. Partial energy backscatter signals (20.0- 50.0 degrees) 
for 0.25 µm defects scanned by a 0.5 µm fwhm beam. Par
tial ell1ergy signal = 20.0- 50.0 degrees , 0.25 µm Au on Si 
structur es, beam fwhm = 0.50 µm, Au thickness = 0.50 µm , 
beam energy = 25 kV. 
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Fig. 9. A universal plot of 7/E versus gold thickness normal
ized to (a) Re and (b) RB for different beam voltages. The 
substrate material is silicon. 
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Gruen and Bethe Ranges 

Beam Au Cr Si 
Voltage 

Re RB Re RB Re RB 
kV (µm) (µm) (µm) (µm) (µm) (µm) 

IO 0 . 12 0.40 0.31 0.60 0 .97 1.44 

20 0.39 1.19 1.05 1.97 3.24 4.84 

25 0 .58 1.50 1.56 2.91 4.80 7.50 

30 0 .80 2.32 2. 14 4.01 6 .60 9.97 

Fig. 8. Gruen and Bethe ranges for gold , chrome, and sili-
con at different beam voltages. 
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The substrate material is silicon. 
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it is poss ible that the backsca ttered e lectron signal leve l could 
drop when the beam sca ns nea r the edge of a gold structur e. 
A complementary occurren ce takes place when the beam is scan
ning on silicon in the vicinit y of a go ld structure . In thi s case, 
the signal rises because of overlap of the beam onto the gold. 
Th ese changes in signal levels, depending on the comparator 
thr es hold setting s, could cause false defect s to be detected . 

The effect is illustrated in Figures 12a- 12c, showing the back 
sca ttered e lectron energy signal for a 0.55 µm gold step on 
silico n. The beam fwhm is 0.25 µm , the beam energy is 25 
kV, and the gold thick ness is 0.46 µm. The signal can be see n 
to drop off 0.1- 0.2 µm inside the step for the 30-60 and 50-8 0 
deg rees angle ranges. This reduced signal is what would be 
detec ted if the e lectron-beam was sca nnin g near the edge s of 
that shape. 

A simulation experi ment was conducted to further investigate 
the effec t of the signal level droppin g near the edges of go ld 
shapes . The partia l energy backscatter coef fic ient was plott ed 
vers us half the step linewidth (or di stance from the 8-function 
beam to the shape edge) normaliz ed to the Gruen range. The 
results for the three angle ranges and 10 and 25 kV bea m ener
gies are shown in Figu re 13. A sharp drop in signa l occ urs for 
the 50-80 degrees range starting abo ut 0.3 3 RG from the edge. 
For the 30- 60 degrees range , the signal begins to drop off about 
0.2 RG from the edge . The signal actually increases if the lower 
ang le range is used. A po ssible compromise would be to co l
lect backscattered electron s in the 20-5 0 degrees angle range. 25 

In thi s case , there would only be a 6 percent loss of signal from 
bulk materials and a significant increase in the signal level near 
the edges of steps. 

Conclusion 

The design and implementation of a high resolution mask in
spect ion system using an electron-beam prob e is a diffi cult task. 
Many different areas must be investigated and understood before 
a reliable high speed inspection system can be built. In this paper , 
we have discussed the fundamental characte ristic s of the back
sca ttered e lectron signal used to detect the presence or abse nce 
of masking material. 

A Monte Ca rlo progra m has been developed to s imul ate the 
backscattered electron signa l from the comp licated st ructures 
enco untered in mask inspec tion. The program is based on the 
standard continuous slowing down approximati on, Bethe energy 
loss equation , and the scree ned Rutherford co lli sion cross
sect ion. It was found that the simulated energy signal, the total 
ene rgy of the elec trons strikin g the detector, gave good agree
ment with experimen t for different submi cron struc tur es , co l
lect ion angle ranges , beam voltages, gold thicknesses, and beam 
sizes. This exce llent ag ree ment with experim ent was importa nt 
since it gave co nfid ence in using the program to inves tigate the 
backscattered electro n signal properties of inter est for mask 
inspection. 

It has been shown that electron s scattered into the middl e take
off angle ranges (30-60 degrees from the plane of the target) 
gave the best overa ll back sca ttered elec tron signal quality for 
clea r and opaq ue defect structures. Although the 30-60 degr ees 
range is best overall, the signa l for submicron step structures 
can be enhanced by also collecting the lower angle backsca ttered 
e lectrons . Pra ctica l co nstraints , such as the effects of the beam 
sca nnin g near the edge of a structure , also make it necessary 
to co llect some low angle e lec tron s. 
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The effect of e lectron -beam size on the backscattered elec
tron signal characteristics was also described. A Gaussian 
electron-beam shape was used in the simulation. A quantity , 
<lSNR , was used as a figure of merit for the nois e quality of 
the signal. Curve s of <lSNR, signal fwhm, and threshold (DC 
level) versus beam fwhm were presented for a variety of sub
micron gold on silicon structure s over three different angle 
range s. A fall off in <lSNR was found to begin to occur when 
the beam size become s about 0.4 of the structure fwhm . For 
steps, a 25 per ce nt loss of <lSNR occur s when the (beam 
fwhm)/(structure fwhm) ratio is about 1.2 . Similar results are 
see n for holes with a 25 percent reduction in <lSNR being 
observed at a ratio of about 1.1. 

It was observed that the graph of signal fwhm versus beam 
fwhm has two di stinct regions for various structure s. Ther e is 
a flat region for beam sizes up to about 0.5 of the structure fwhm 
and a region for larger beam sizes in which the signal fwhm 
rises steadil y with the beam fwhm. For steps, a signal fwhm 
50 percen t large r than the structur e fwhm occur s for a (beam 
fwhm)/(structure fwhm) ratio of about 1.3-1.4. For holes , a 50 
perce nt increase is seen for a rati o of about 1.1-1.2. It was also 
found that the thr es hold s or DC levels of the signal s from step 
and hole stru ctur es are different and behave in different man
ners as the beam size is increased. For steps, the threshold drop s 
towards the silico n signal level as the beam size increases. For 
holes, the thre shold rises toward the gold signal level . 

Universal curves for various beam energies showed that to 
co llect 90 percent of the available backsca ttered electron signal , 
the scattering material should be about 0.13 R8 or 0.33 RG 
thick. It is desirable to use the Gruen range , ~ since it is eas i
ly calculated using a simple analytical expression. The universa l 
re lationship of the backscatter coefficients to materi al thickn ess 
normalized to RG is interesting because the backscatter coeffi
c ients are calc ulated using the Monte Carlo progra m while RG 
is ca lculated using an empirically derived equation. Similar uni
versa l curves were introd uced to illustrate the effect of scanning 
the electro n-beam near the edges of shapes. As the beam scans 
nea r the shape edges , it is poss ible that the backscattered elec
tron signa l ca n fall off. If low take-off angle electro ns are col
lec ted , an incr ease in signal is observe d . For a 30-60 degrees 
ang le co llection range , the signal beg ins to drop off at about 
0.2 RG from the edge while for a 50- 80 degrees range the 
signal begins to drop off at about 0.33 RG from the edge . This 
decrease in signal level is important since it can cause the signal 
to fall below the com parator threshold used for dete rminin g the 
presence or absence of mask ing materi al. Collecting backscat
tered elec tron s in the 20-50 degrees range should redu ce the 
drop in signal near a step edge with only a 6 perce nt loss in 
signal from bulk materials. 

There are severa l areas in which further work is needed. It 
would be interesting to extend the Monte Carlo program to simu
late three dim ensional structure s. Also, a study of mor e com
plicated defect stru ctures, bes ides steps and holes , could be per
formed with the program in its prese nt form. In thi s resea rch , 
we have mainly looked at the backscattered electron signal. It 
would be worthwhile to extend the simulation so that the seco n
dary electron signal co uld be simulated as well. Th e signal and 
SNR characteristics of the back scattered and secondary elec
tron signals could then be co mpar ed for the insp ec tion of low 
atomic number material combination s, such as resist on silicon. 

Mask inspection is one of the few area s remaining in the 
e lectron -beam system fie ld which ha s not been fully explored. 
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It is hoped that this work will be of use to others interested in 
the development of high resolution mask and wafer inspection 
systems. 
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Analysis of Backscattered Electron Signals 

Discussion with Reviewers 

K. Muraui: You discussed various effects of electron scattering 
on the backscattered electron signals from a single iso lated step 
or hole in mask inspection . Are these discussions generally ap
plicable to the case of multipl e steps or holes? 
Author: Yes, as discussed in the paper I chose isolated steps and 
holes because they represented the limiting signals which would 
be observed. The scattering of electron s from multipl e steps 
and holes would fall somewhere in between, as some electron s 
scattered from the sides of the structures would have other stru c
tures to pass through before scattering into the detector. 

K. Muraui: Have you investigated the optimum energy for 
mask inspection? Could you comment on the optimum energy 
to obtain a sharp rise-up of the signal for a speci fic thickness 
of mask material? 
Author: As far as shot noise and bea m stability is conce rned , 
the highest bea m energy poss ible would be optimum . However , 
one would first have to make sure that the absorber thickness 
was large enough to get the maximum signal at the chose n beam 
energy. A sharp rise-up of the signal can be achieved by co llect
ing low angle electrons, using low beam energy, and using the 
smallest poss ible inspection bea m . One would have to deter 
mine the beam current required for adequate SNR and then 
determine what minimum beam voltage could supply the needed 
curr ent in a beam of minimum requi red size. Then , the detec
tor should be placed so as to collect some of the low angle elec
trons. Thu s, it can be seen that the optimum bea m ene rgy will 
be very depe ndent on the type of system requir ed . 

K. Muraui: You assumed one detec tor for backsca tter electron 
detection. Could you speculate what results you ca n obtain by 
using multipl e detectors such as opposite two detectors and a 
quadrupl e type detec tor? 
Author: I assumed an annular detector in all the calculations 
beca use the SNR of the backsca ttered electron signal is best 
when you collect as many electrons as poss ible. The use of two 
detectors would result in a loss of signal. Four detecto rs co uld 
be properly placed so as to collect more backscattered electrons 
using the same diode area as an annular detecto r. The main goal 
is to collect as many electrons as poss ible at the fastest speed 
poss ible (i .e ., use the smallest amount of diode area poss ible) . 
Keeping in mind that most detecto rs are energy sensitive, it can 
be seen that for a given number of electrons backscattered from 
Au and from Si, the signal from the Au will be higher since 
the average energy of backscattered electrons is higher from Au. 
Thu s, the difference in signal leve ls between absorbe r and sub
strate increases as the numb er of co llected backsca ttered elec
trons increases. This in turn leads to a better SNR for the signal. 

K. Murata: Could you comment on the poss ibility of mask in
spections by the absorbed electron current, comparing with those 
by the bac kscattered electrons you studi ed? 
Author: One interesting poss ibility would be to loo k for holes 
in the absorber using the absorbed electron current when sca n
ning over the absorber. The backscattered electron detector could 
then be used to detect excess absorber material when scannin g 
over clear areas. The question is whether the absorbed elec
tron curr ent scheme would allow fast enou gh inspection speed 
(TV rate , for example). At prese nt , I have not investigated this. 
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V.N.E. Robinson: The human eye is used to interpreting images 
with slight directionality in illumin ation, equi valent to a non
symmetrical detector. Your results indicate changes in intensity 
with collection angle. Have you any experimental results indi
cating ease or otherwise of interpretation of results with direc
tional detection? 
Author: I have experimental results which prove that the simu
lation progra m is correct in predicting signal variation with col
lection angle range. (See text ref. 26.) I have not do ne any work 
investigating the use of directional detection. As explained in 
an answer to K. Murata above, we really want to collect as many 
electrons as poss ible in mask inspection. However, since the 
signals from holes in Au are different than those from isolated 
Au structures , it would be interesting to use different detectors 
to detect different types of defects. 

H. Niedrig: How did the author obta in his values for the Bethe 
range R8? To my knowledge the Bethe ranges orig inally have 
not been calculated by a Monte Ca rlo progra m (which could 
hardly be done in the 1930s) but from a quantum mechanical 
treatment of the non-relat ivistic stopping power : H. A. Bethe 
(1933). Quantennemechanik der Ein- und Zwei-E lektronensys
teme, in: Handb uch der Physik, Vol. 24, p. 52 1, H. Ge iger, K. 
Scheel (Eds .) , Sprin ger-Verlag, Berlin , cited in: R.D. Birkhoff: 
The passage of fast electrons through matter , in: Handbuch der 
Physik, Vol. 34, p. 62, E. Flugge (Ed .), Springer-Verlag, Berlin, 
1958, which is cited in author's reference 3. 
Author: I obtained my values for the Bethe range by simply add
ing up the path lengths of an electron's trajec tory in the Monte 
Carlo progra m. This yields the same results as would be ob
tained from the more exact method discussed above of integrating 
the Bethe equation. 

K. Murata: Have you obtained unders hoot and overshoot pro
files for the signals nea r the edges of steps and holes , respec
tively, with an infinitely fine beam size? 
Author: No, not yet. 
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